This research presents a wind tunnel experiment for investigating three-dimensional flows in the vicinity of a blade in a Horizontal Axis Wind Turbine (HAWT) model. Though the design of the wind turbine blade has been recognized as a modern advance, most of them are based on two-dimensional sectional performance analyses. However, the actual flow around the rotating blade also has a flow effect from a span-wise direction that it is generated from centrifugal and Coriolis forces. A span-wise flow can change the boundary layer on the blade surface. The sectional performance strongly depends on the surface boundary layer. Thus, the actual flow characteristics and correct surface boundary layer in the vicinity of a wind turbine blade is important in designing a wind turbine blade with high performance. In this research, the test wind turbine was a three-bladed type. The test blade comprised four types of airfoils that were smoothly connected and distributed along the blade. The experimental investigation of the flow on the blade surface was performed by simultaneously measuring threedimensional velocity components by the approach of a three-dimensional Laser Doppler Velocimetry (LDV) method: two LDV probes were used in the synchronized measurement of three-dimensional velocity components. Characteristics of the three-dimensional flow were investigated and visualized by velocity vector field, boundary layer and trajectory path. The results clarified that the three-dimensional flow for the inboard had higher values than the outboard. The two-dimensional relative velocity and the span-wise velocity for the optimum tip speed ratio and low tip speed ratio showed significant differences in the boundary thickness. The shape factor H had satisfactory results and could clearly separate laminar and turbulent regions. The flow trajectory seemed to be affected by the span-wise velocity at chord station y/c > 0.25.
Introduction
Wind energy has been used for milling grain, pumping water and draining rice fields for thousands of years. In the 20th century, wind energy started to be used for electricity production (Erich et al., 2008) . Wind energy is a clean and inexhaustible energy source. The efficient growth of wind energy during the last few years motivates extensive research efforts in wind turbine technology. A wind turbine is a device that converts kinetic energy from the wind into electrical power. In order to maximize utilization of wind energy, improving wind turbine rotor blade is a research field in development (João et al., 2013) . Different approaches exist to predict wind turbine rotor performance. One of the most effective approaches is the classical Blade Element Momentum Theory (BEMT) (Rozenn et al., 2009 ). This theory divides the blade into element sections in the span-wise direction, and each section is assumed to be operated independently (Burton et al., 2011) . Much research has been done to improve the aerodynamic performance of Horizontal Axis Wind Turbine (HAWT) rotor blades by using BEMT. However, the prediction of BEMT is different from experimental results because this theory considers only two-dimensional directions (axial and tangential directions). In fact, the blade surface has a flow effect from a span-wise direction due to the rotational effect (Dua et al., 2000) . The effects of rotation on HAWT blade aerodynamics have been extensively studied. A span-wise flow is always generated from centrifugal and Coriolis forces, which play an important role in the 3D stall delay and increasing lift coefficient (Hansen et al., 2000) . The separation point on the surface of the blade is postponed slightly due to rotational effect. This delayed separation has the beneficial effect of giving rise to higher lift and lower drag as compared with 2D conditions (Wood et al., 1991) . Pressure distribution on a test wind turbine rotor blade for non-rotating and rotating conditions was examined, and the result exposed significant differences in lift behavior at the inboard region of the rotor blade (Ronsten, G. et al., 1992) . The aerodynamic performance of blade sections also depends on the boundary layer around the airfoil surface (Johansen et al., 2009) . A span-wise flow velocity from rotating blades can change the boundary layer thickness and the rotational effect shows that three-dimensional flows have a significant effect on separation as compared with two-dimensional flows (Martinez, G. G. et al., 2007) . Three-dimensional flow phenomena are complicated and difficult to understand well. However, many researchers have attempted to describe span-wise flow in a rotating blade condition. For example, the characteristics of three-dimensional flows near a HAWT rotor have been described using Stereo Particle Image Velocimetry (SPIV), showing that strong three-dimensional relative velocities and a span-wise velocity had been observed at the inboard section of the rotor blades (Micallef, D. et al., 2009 ). Three-dimensional flow greatly affects the boundary layer when the relative velocity has a high angle of attack (AOA). Our previous research also attempted to study three-dimensional flow near a HAWT rotor (Suzuki et al., 2012; Kamada et al., 2013a; Kamada et al., 2013b) . Laser Doppler Velocimetry (LDV) was carried out to detect three-dimensional velocity components. The threedimensional velocity components (axial, tangential and radial) were measured by two LDV probes, which were set separately in vertical and horizontal directions. However, the problem of the measuring volume layout was a point of concern. It was diagnosed that the high deviation of the velocity at the leading edge was due to the larger measuring volume found in detecting the span-wise velocity component.
Therefore, the purpose of this research is to study the effects of three-dimensional velocity components with a new method that simultaneously measures these components using an LDV system. Characteristics of three-dimensional flow were investigated and visualized by velocity vector fields, boundary layer and flow trajectory. 
Notations

Test wind turbine blade
The model horizontal axis wind turbine rotor had three blades. The radius of three-bladed wind turbine rotor was 1.2 m. The radius of wind turbine wake is estimated as 1.47 m in optimum operation. The radius of uniform wind in the test section is 1.7 m, so the flow affected by wind turbine rotor can stay in uniform wind. The wind turbine blades were made from Polyurethane (PUR) plastic. To simulate the flow around a wind turbine rotor, the shape of the test blade was designed by BEMT. The blade was twisted and tapered. Figure 2 (a) shows the chord length and twist angle distribution along the blade span. The maximum twist angle θtwist = 18.33 [°] was at radial position r/R = 0.2. These blades have an aspect ratio (AR) of 9.36 and a tapper ratio (TR) of 0.58, respectively. A test blade model was constructed from four different airfoil sections along their span. The placement of airfoils is shown in Fig. 2 (b) . For the measurements, the blade pitch angle at blade tip was set at -2 [°]. 
Laser Doppler Velocimetry (LDV) system
In this experiment, three-dimensional velocity components were detected by Laser Doppler Velocimetry (LDV) system. The method of measuring velocities by using the LDV technique utilizes three pairs of laser beams which are emitted from two LDV probes. When two coherent laser beams intersect, the two lasers make interference fringes in that volume. The area of laser beam intersection is called "Measuring volume": when seeding particles flow through this volume, the frequency of the reflected light from seeding particles is used to compute the velocities by using Dantec BSA flow software. In this experiment, three-dimensional velocity components were measured, adapting three pairs of laser beams and two probe settings. Figure 3 shows a schematic drawing of LDV measuring volume. As shown in Fig. 3 , achieving small measuring volume made possible detect complex flow on the blade surface in this research.
Experiment apparatus
Figure 4 (a) shows the wind turbine and LDV probe layout of this experiment. The measuring volume was obtained on the horizontal plane at the height of the rotor axis. The target blade passed the measurement plane at the azimuth angle of 270 [°] . To detect three-dimensional velocities, two LDV probes were used. The two probes were set on the X-Z traversing device. Thus, the measuring volume position could be changed according to both radial and axial positions. To consider three-dimensional flows at the inboard and the outboard of the blade, radial positions r/R of 0.3, 0.7 and near those sections were investigated. For one local measuring point, the number of samples was 1. Measuring point for this research (Intersection area from three pairs of laser beams) Fig. 3 The shape of the LDV measuring volume. The measuring volume for one velocity component has small diameter with a certain length. In this measurement, the coincidence mode is selected for three velocity components. Threedimensional velocity components from each measuring point can be computed from the single seeding particle. So, the measuring volume is limited to the intersection area for six laser beams as oval sphere shape, with the length of 0.15 mm and width of 0.14 mm. system for this measurement was a set three-dimensional Cartesian coordinate system: the X-axis was set on rotor axis, the Y-axis was set vertically downward, and the Zaxis was set horizontally sideward.
for each sample was detected by single reset pulse one pulse/rev. A 0.1 degree azimuth BIN was used for cyclic flow phenomena. Yaw condition was fixed and yaw angle was set at 0 [°] . The 1 st LDV probe was set horizontally at the height of rotor axis and the 2 nd LDV probe was set vertically seeing from the upstream side. The focal lengths were 1.0 m for the 1 st probe and 1.6 m for the 2 nd probe. The 1 st probe detected the axial and tangential velocity components. The 2 nd probe detected the radial velocity component. Three velocity components (u1, u2, u3) for the LDV probe were converted to u, v and w on blade sectional coordinates. 
The u1, u2 and u3 velocity components that stand in the LDV coordinate can be converted to velocities on the rotor blade coordinate (Cartesian coordinate system) by using vector calculation. The formula can be defined as Eqs. (1), (2) and (3).
(1)
Here u, v and w represent the velocity components in axial, tangential and radial directions on the Cartesian coordinate system fixed in a static system. In this research, the measuring point was stationary at an azimuth angle of 270 [°] . When the rotor is rotating, the relative measuring point to the blade surface can be detected by the rotor azimuth angle. The local three-dimensional velocity components around blade surface are discussed. In addition, the effects of span-wise velocity w0 was investigated also. The direction of span-wise velocity is set on the pitch axis for each blade. Therefore, the span-wise velocity component for each azimuth angle can be calculated as Eq. (4). (4) Here w0 is the span-wise velocity, Ω is the angular velocity of the blade's rotation, r is the local blade radius, Ψ is the azimuth angle and Ψref is the azimuth angle reference that equals 270 [°] . Figure 5 shows measured velocity components at certain azimuth angle Ψ on the YZ plane. This figure shows an example of measured velocity components when the target blade is rotating to the azimuth angle 280 [°].
Results and discussion 4.1 Performance curve of the test wind turbine
The test wind turbine rotor of 1.2 m was chosen to perform in the wind tunnel to detect a more detailed measurement on the blade surface. The high blockage ratio in the wind tunnel experiment may affect to the flow on the blade surface. The test wind turbine rotor has a blockage ratio of 44%. Therefore, the impact of a high blockage ratio should be examined. Generally, the effect of the blockage ratio is verified by the power coefficient curve. Figure 6 shows the power coefficients for this test wind turbine rotor and a small wind turbine rotor in the same wind tunnel. The power coefficient of a small wind turbine rotor refers to the previous experiment (Shimizu et al., 2002) . The small wind turbine has a rotor radius of R = 0.563 m, and the mainstream is a set constant of 6 m/s. As shown in 
tip speed ratio of λ = 4.62. The optimum tip speed ratio for a smaller rotor is smaller than that of this test wind turbine because of higher solidity. The results from both wind turbine rotors show a similar power curve. Although the test wind turbine rotor radius of 1.2 m has a high blockage ratio, it is sure that the high blockage ratio has not affected this research.
Flow visualization on the blade sections
In this section, three-dimensional velocities measured from LDV are presented. It must be emphasized that, in this research, only flow near the blade surface downstream (suction side) was investigated. Measurements were performed for blade sections located at radial positions r/R = 0.3 and 0.7. The results contribute to a better understanding of the flow characteristics for different radial positions. The rotor tip speed ratio was chosen at the optimum condition (λ = 5.2) and the stall condition (λ = 3.7) in order to study the effects of the stall phenomenon to flow characteristics of the blade surface. Flow characteristics on the blade sections are discussed based on the flow visualization shown as velocity distribution, boundary layer and flow trajectory.
Velocity distribution on the blade sections for optimum tip speed ratio (λ = 5.2)
In this section, velocity distribution on the blade sections for optimum tip speed ratio will be discussed, taking into account two-dimensional relative velocity U2D. Local velocity will be described in the vector velocity map as a colored arrow field for this research. Two-dimensional relative velocity U2D can be defined as a vector quantity in Eq. (5). U is the vector quantity of the two-dimensional relative velocity to the blade section; i and j are the unit vectors on the axial and tangential directions, respectively. The magnitude of the local velocity is represented the color of arrow vector. It can be calculated by using Eq. (6). 7). (7) Here vector  is the angle of the velocity vector. The local velocity is normalized by dividing it by the geometrical inflow velocity Uref which is defined in Eq. (8).
Here Uref is the geometrical inflow velocity, U0 is the mainstream velocity, a is the axial induced factor and a' is the tangential flow induced factor. In this study, a and a' are calculated by the BEMT using details from the test blade and the turbine operational data. The Uref depends on the radial position. It is enhanced for the outer radial positions. of the span-wise flow. The positive value indicates the direction of the span-wise flow from root to tip, and a negative value is the opposite direction. The outer region of the boundary layer thickness indicates that the low positive span-wise velocity in the range of 0 < w0/Uref < 0.03 is observed above the chord station of 0 < y/c < 0.3. The positive span-wise velocity will be increased gradually until w0/Uref = 0.12 along the chord station of 0.4 < y/c < 1. Obviously, the direction of span-wise velocity gradually changes to towards the outside blade. When considering the span-wise velocity inner region of boundary layer thickness, the low span-wise velocity of w0/Uref < -0.03 is located at the chord position of 0 < y/c < 0.1, while the strong span-wise velocity of w0/Uref > 0.18 is located at the chord position of 0.6 < y/c < 1. It has been found that the area that exhibits the maximum span-wise velocity in Fig. 8 (a) is quite different from the area with the maximum two-dimensional relative velocity U2D/Uref observed in Fig. 7 (a) . The two-dimensional relative velocity has a strong effect on the leading part, while the span-wise velocity seems to have a high effect on the trailing part where the velocity vector has a high fluctuation in direction. Figure 8 (b) shows the span-wise velocity contour at a radial position r/R = 0.7 for optimum tip speed ratio. The observed value of span-wise velocity approximately equals to w0/Uref = 0.06 at the chord station of 0 < y/c < 0.7, and then span-wise flow reaches the value w0/Uref = 0.12 at the chord station of 0.7 < y/c < 1 on the blade surface. It is assumed that blade sections approaching the blade tip exhibit only twodimensional velocity U2D
Velocity distribution on the blade sections for low tip speed ratio (λ = 3.7)
Figure 9 (a) shows the velocity distribution on radial position r/R = 0.3 for low tip speed ratio. This blade section has a constant rotational speed of 0.75. The high two-dimensional relative velocity area in the range of 1.8 < U2D/Uref < 1.9 occurs at a chord position of 0.1 < y/c < 0.2. Two-dimensional relative velocity in the range of 0.3 < U2D/Uref < 0.4 are observed along chord position 0 < y/c < 1, and these vectors near the suction surface indicate high fluctuation in direction. The flow is not attached to the suction surface. Figure 9 (b) shows the velocity distribution on radial position r/R = 0.7 for low tip speed ratio. This blade section has a constant rotational speed of 0.93. The high two-dimensional relative velocity area in the range of 1.7 < U2D/Uref < 1.8 occurs at the outer region of the boundary layer at chord position 0.1 < y/c < 0.3, and flow speed is reduced gradually until U2D/Uref = 1 at the trailing part. The swirling of the velocity vectors near the wall surface can be observed, and the red line becomes detached from the wall surface at the trailing part 0.5 < y/c < 1 due to the phenomena of flow separation. The low tip speed ratio condition indicates that the flow is not attached to the suction surface, because the critical angle of attack for the blade section is exceeded and flow on the blade surface will stall. Figure 10 (a) shows the span-wise velocity contour at radial position r/R = 0.3 for low tip speed ratio. The velocity vectors near the wall surface indicate negative value of span-wise velocity w0/Uref = -0.03 at chord positions of 0 < y/c < 0.1, and the span-wise velocity rapidly increases to positive value of span-wise velocity w0/Uref > 0.18 at chord positions of 0.4 < y/c < 1 on the blade surface.
The high speed region for the XY component of relative velocity is different from that of the span-wise velocity component. The span-wise velocity component is low at the region where the XY component of relative velocity is high. The two-dimensional relative velocity shows a high value while the span-wise velocity shows a low value on the leading part at the chord position of 0 < y/c < 0.2. In addition, the span-wise velocity shows a high value, while the twodimensional relative velocity shows a low value on the trailing part, where velocity vectors show a strong fluctuation. Obviously, the direction of the span-wise flow near the blade surface gradually changes towards the outside blade. A negative value of the span-wise velocity occurs near the leading part. It is caused by the span-wise component of rotational speed. This flow has a direction toward the blade root. The span-wise velocity gradually changed the sign of value due to the formation of Coriolis and centrifugal forces. The Coriolis force has a direction from leading edge to trailing edge and the centrifugal force has a direction toward the blade tip. Figure 10 (b) shows the span-wise velocity contour at the radial position r/R = 0.7 for low tip speed ratio. The outer region of boundary layer thickness shows spanwise velocity in the range of 0 < w0/Uref < 0.03 at the chord position of 0 < y/c < 0.2, and then they are gradually increased until w0/Uref = 0.09 when approaching the trailing edge. However, the inner region of the boundary layer thickness at chord positions of 0.8 < y/c < 1 shows high span-wise velocity of w0/Uref > 0.18.
From this study, a high span-wise velocity substantially coincides with the region of two-dimensional relative velocity deceleration, the same as the optimum tip speed case, but the low speed ratio has a large region of high spanwise flow along the vicinity of the blade surface.
Boundary layer
In this section, the boundary layer on the rotating blade for optimum tip speed ratio will be discussed. Generally, three parameters used to measure the properties of boundary layers are comprised as follows: 1.) The boundary layer thickness δ, 2.) The displacement thickness δ * and 3.) The momentum thickness θ. In the previous section, the boundary layer thickness δ was discussed by using speed and direction of local flow. It was found that boundary layer thickness was gradually increased along the blade surface from leading edge to trailing edge. The boundary layer thickness for low tip speed ratio always becomes thicker than the optimum tip speed ratio due to stall phenomenon. In this section, the displacement thickness and momentum thickness of the boundary layer will be discussed. Figure 11 (a) shows the shape factor, displacement thickness and momentum thickness of the boundary layer for the local chord wise position. The radial position is r/R = 0.3, and the tip speed ratio is optimal. The horizontal axis indicates the chord position y/c. The right vertical axis indicates the distance from the airfoil suction surface in unit mm, and the left vertical axis indicates the value of the shape factor. In this figure, the blue dots represent the displacement thickness, which is defined in Eq. (9). The green dots represent the momentum thickness, which is defined in Eq. (10), and the red dot represents the shape factor, which is defined in Eq. (11). 
Here δ* is the displacement thickness, θ is the momentum thickness, H is the shape factor and x is the distance from the blade surface. U is the two-dimensional relative velocity on the blade surfaces at each chord position y/c and Ue is the velocity at the outer edge of the boundary layer. However, the free stream velocity on the blade changes given the effect of circulation and surface pressure distribution. Therefore, Ue was selected from two-dimensional relative velocity, where the maximum speed for each chord position was taken into account. Figure 11 (a) shows the boundary layer at radial position r/R = 0.3 for optimum tip speed ratio. The displacement and momentum thickness shows a significant increasing trend from the leading edge to the trailing edge. The shape factor sharply reduces for the chord positions of 0.2 ≤ y/c ≤ 0.5, and then the value of the shape factor becomes a minimum value at the chord position of y/c = 0.5. However, the shape factor increases gradually for the chord positions of 0.5 ≤ y/c ≤ 0.9. The increase of the shape factor from the middle chord station to the trailing edge has been influenced by an adverse pressure gradient on the blade surface. The increasing of shape factor H shows the possibility of flow separation. The low value of H indicates that this location is near the transition point of change from laminar flow to turbulent flow. Figure 11 (b) shows the boundary layer at radial position r/R = 0.7 for optimum tip speed ratio. The shape factor is relatively stable around H = 2.6 for chord stations of 0.2 ≤ y/c ≤ 0.4, and then the shape factor sharply reduces for chord positions of 0.4 ≤ y/c ≤ 0.5. The value of shape factor becomes a minimum value at the chord position of y/c = 0.5. In addition, the shape factor increases again for the chord positions of 0.5 ≤ y/c ≤ 0.9. Obviously, the flow on the rotating blade surface has a laminar flow for chord positions of 0 ≤ y/c < 0.5 at both radial positions r/R = 0.3 and 0.7. The transition point that changes the laminar flow to turbulent flow is close to the chord position y/c = 0.5.
Three-dimensional flow trajectory on the rotor blade surface
In section 4.2, flow visualizations of three-dimensional velocity components were presented as velocity vector contours on the blade sections. However, the measured blade section at the same radial position r/R is not perpendicular to the pitch axis. Figure 12 shows a cross-section comparison between the designed airfoil section and the measured blade section at a certain radial position r/R. Figure 13 (b) shows the comparison of the designed airfoil and measured blade section shapes at radial position r/R = 0.7. It is noted that there are differences in the shape of airfoil sections with increasing distance from the pitch axis approaching the trailing edge. The measured blade section is obviously different from the airfoil section at the trailing part at radial position r/R = 0.3. However, there are no significant differences between the measured blade section and the airfoil section found on the cross-section shape at radial position r/R = 0.7.
The shape difference between airfoil and measured blade sections affects the path of an individual particle in a moving fluid. In addition, the effects of three-dimensional flow cause the fluid particle trajectory to bend from the arc line of a certain radial position r/R. This section introduces a fluid flow trajectory by including the span-wise velocity effect. The trajectory of a fluid flow will be discussed as a pathline. The pathline can be calculated using an integration of the relationship between velocity and displacement in three-dimensional directions; this is defined by the To draw the flow trajectory line, three-dimensional velocity components near the radial position r/R =0.3 and 0.7 were measured also, because a particle at the initial point will move obliquely from the arc line of a certain radial position (r/R = 0.3 and 0.7) due to the effect of the span-wise velocity. Therefore, the measured velocities for drawing the trajectory line should cover the movement of the particle in the radial direction. Obviously, this blade section is the same without the influence of the span-wise velocity as radial position r/R = 0.3 at chord position 0 < y/c < 0.25. However, the flow trajectory lines incline slightly out of arc line of radial position r/R = 0.7 due to low span-wise velocity for this blade section. In addition, the difference also depends a little on the airfoil shape, span-wise slope on the twisted angles. Xtnear the trailing edge at radial position r/R = 0.7 for optimum tip speed ratio is shown in Fig. 16 (b) . The initial points 70 () Xt and 80 () Xt are located inside and outside the boundary layer thickness, respectively. The flow trajectory lines 7 () Xtand 8 () Xtshow no significant difference due to small span-wise velocity for both inner and outer regions of boundary layer thickness at radial position r/R = 0.7. In addition, both trajectory lines tilt from the arc line of radial position less than radial position r/R = 0.3 case due to low span-wise velocity at radial position r/R = 0.7.
Conclusion
This research is aimed at clarifying the characteristics of fluid flow on the blade section as described by twodimensional relative velocity, span-velocity, boundary layer and flow trajectory line. The following conclusions can be drawn:
1. The general sectional performance showed that two-dimensional relative velocity (U2D/Uref) for inboard radial position r/R = 0.3 indicates higher values than outboard radial position r/R = 0.7 at the leading part. 2. The span-wise velocity (w0/Uref) analysis depicted that a higher positive span-wise flow is located in the inner region of boundary layer thickness. 3. The outer region of boundary layer thickness clearly indicates that the span-wise velocity (w0/Uref) is close to zero at the leading edge and gradually increases when approaching trailing edge. 4. The inner region of boundary layer thickness exhibited a high positive span-wise velocity (w0/Uref) at the trailing part. 5. Two-dimensional relative velocity and span-wise velocity for optimum tip speed ratio and low tip speed ratio showed significant differences. The results of two-dimensional relative velocity for low tip speed ratio indicate a thick boundary layer thickness when compared with optimum tip speed ratio. In addition, high positive spanwise velocity is illustrated inside a boundary layer thickness along the blade's suction surface. 6. Shape factor H sharply reduces from leading edge to a chord position of y/c = 0.5, and then the shape factor rises again for a chord position of y/c > 0.5 for both radial position r/R = 0.3 and 0.7. 7. The flow trajectory at the chord stations of 0 < y/c < 0.25 seems not to be affected by the span wise velocity. But the flow trajectory was affected significantly at the chord station of y/c > 0.25 due to the span-wise velocity. 
